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Abstract 
 
  In this project, we studied alkaline hydrothermal treatment technology as a process to 
convert cellulosic biomass into hydrogen gas.  We used data from Ishida et al to develop kinetic 
and reactor models to scale-up this technology to farm-scale or industrial production.  The 
kinetic model that was developed was based on our assumption that different microstructures of 
cellulose undergo degradation at different rates.  This model was consistent with much of the 
experimental data.  From our findings, using a plug flow tubular reactor with a NiTiO2 catalyst 
was the best way to proceed with this process.  The best way to obtain this configuration would 
be to use a circulating fluidized bed reactor.   
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Chapter 1:  Introduction 
 
In recent times, there has been an increased interest in tapping the potential of hydrogen 
as a fuel source.  One application of hydrogen energy will be H2/O2 fuel cells.  H2/O2 fuel cells 
can convert the chemical energy of hydrogen and oxygen directly into electricity. The current 
methods of hydrogen production involve steam reformation or gasification of biomass and fossil 
fuels.  However, they have very high operating temperatures (> 700 °C) and pressures; this 
results in increased capital and operating costs.  These methods also produce large amounts of 
carbon monoxide (CO) and carbon dioxide (CO2).  Impurities such as CO and CO2 can damage 
the electrocatalysts located at the anode of the fuel cell.
1  Methods of separation of COx from H2 
have involved a second or third process such as the water-shift gas reaction and Pressure Swing 
Absorption process.  These processes significantly increase the capital and operating costs of the 
pro cess.     
Many researchers are looking for ways to reduce COx formation during hydrogen 
production.  Studies by Minowa et al have shown that the addition of alkali and nickel catalysts 
promote the gasification of cellulose by inhibiting char formation, the catalyzed water gas shift 
reaction (1) and methanation (2).
2  
CO + H2O à à à à CO2 + H2 (1) 
CO + 3H2 à à à à CH4 + H2O (2) 
 
A recent study conducted Ishida et al has demonstrated that using nickel catalysts and 
inorganic alkali resulted in selective generation of hydrogen gas from biomass.  The high 
selectivity also occurred at a relatively low temperature (400 °C).  A higher weight percentage of 
alkali was associated with a greater molar yield of hydrogen gas.  Carbon dioxide initially 
increased with increasing inorganic alkali but peaked and started falling.  This is due to carbon 
dioxide dissolving in the alkali layer.  These findings are summarized in the figure below.  6 
 
Despite the much lower yields of CO2 and CO, hydrogen was still not pure enough to supply to 
feed into a fuel cell.
3   
 
 
Figure 1:  Relationship between the amount of inorganic alkali added and the molar yields of gas products
3 
 
Ishida et al also studied a method that produces hydrogen without producing a COx.  This 
method involves alkaline hydrothermal treatment technology- the method of interest in this 
study.  In this method, biomasses such as cellulose (shown below in equation (3)) directly react 
with sodium hydroxide (NaOH) to form a COx free hydrogen gas.  The soda ash or sodium 
carbonate (Na2CO3) formed can then be sent to a hydroxide regeneration unit where it can be 
used to regenerate NaOH and produce CO2.  The CO2 can later be stored for carbon 
sequestration.   
 
C6H10O5 + 12NaOH + H2Oà à à à 6Na2CO3 + 12H2 (3) 
 
The proposed reaction occurs at atmospheric pressure and at much lower temperatures than 
gasification processes.  The yields of hydrogen here are 40-60%.  Ishida et al have conducted 
another study on this process using metal catalysts.  Using metal catalysts, higher yields were 
able to be obtained.  This is shown in the figure below.   7 
 
 
Figure 1:  Hydrogen yields through reactions of cellulose with NaOH using catalysts 
supported on Al2O3 supports.  
1 
 
Nickel catalysts were found to be most effective, allowing hydrogen yields close to 100%.  
1,4  
Experiments were run using nickel catalysts on different supports to see the effects of reuse on 
the yields of hydrogen gas.  Nickel catalyst on TiO2 supports retained the high yields of 
hydrogen gas after two rounds of reuse.   
Table 1:  Effects of Re-use of Ni Catalysts on the Yields of H2
1 
 
In this study, we used data from the Ishida et al study to develop kinetic and reactor models that 
can be used to scale up this reaction to the farm-scale and industrial level.   8 
 
Chapter 2:  Developing a Kinetic Model 
  Presently, little is known about the alkaline hydrothermal treatment of cellulosic biomass.  
In order to build a reactor model that can serve as an estimate, we have to develop assumptions 
that can be used to model the kinetics of this reaction.  Throughout this study, we have 
developed a series of assumptions and compared their results.  This will be highlighted below.   
Two-Step First Order Assumption 
In modeling the kinetics of the reactions, we assume two steps take place.  The first is the 
depolymerization of cellulose by hydrolysis to form glucose monomeric units.  The second is the 
reaction of glucose with NaOH to form hydrogen gas.  The two steps can be summarized by the 
equations below.   
(C6H10O5)n + H2Oà à à à (C6H10O5)n-1 + C6H12O6 (4) 
 
C6H12O6 + 12NaOH à à à à 6Na2CO3 + 12H2 (5) 
 
There are other intermediate reactions that occur, however we ignored them in our 
approximation.  The depolymerization of cellulose is the rate limiting step here.  The formation 
of hydrogen through reaction of glucose with NaOH is assumed to be a fast step and is ignored in 
kinetic calculations.  Thus for kinetic calculations, the rate limiting step is a one step reaction 
where cellulose is depolymerized. 
Different Levels of Microstructure 
There is little known about the reactions that produce hydrogen gas from cellulose and 
sodium hydroxide.  Using data from Ishida et al, we made assumptions and proceeded to develop 
a kinetic model.     
The data from Ishida et al on the formation rates of H2 and CH4 in reactions without 
catalysts is shown below on Figure 2. 9 
 
    
Figure 2:  Changes in the formation rates of H2 and CH4 during the reactions of cellulose 
with NaOH and H2O
1 
 
The data from Ishida et al on the formation rates of H2 and CH4 in reactions with Ni/TiO2 
catalysts is shown below.  In this figure, the data for three rounds of catalyst use and data without 
catalysts are shown for comparison.   
 
Figure 3:  Changes in the formation rates of H2 and CH4 during the reactions of cellulose 
with NaOH using Ni/TiO2 catalyst (three rounds)
1 10 
 
 
From the data for hydrogen production, using stoichiometry, we were able to determine the 
cellulose consumption rate.  In Figures 4 and 5, cellulose consumption plots are shown for the 
conditions without a catalyst present and the conditions with a NiTiO2 catalyst.   
 
Figure 4:  Cellulose Consumption Plot Derived from Ishida et al. In these conditions no 
catalyst is used 
 
 
Figure 5:  Cellulose Consumption Plot Derived from Ishida et al. In these conditions a 
Nickel TiO2 catalyst is used 
 
Here we see two major peaks and a small peak below.  These multiple peaks are also present in 
Figure 5 where the reaction is run with catalyst.  Originally, we hoped to kinetically model these 11 
 
reactions as one first order reaction for the entire feedstock of cellulose.  However that would not 
account for the multiple peaks.   
We do know that biomass contains different types of microstructure and that does play a 
role in the digestion of biomass.  Thus, we assumed the different peaks are due to the different 
microstructures of the forms of cellulose present in the reacted biomass.  From integration across 
the different peaks, we estimate that around 24% of the biomass is converted to hydrogen in the 
first peak, around 30% of the biomass is converted in the second peak, and the remaining 
biomass is converted in further reactions.  From this, we assume there are three types of cellulose 
labeled for assumption as level I, level II, and level III.  The cellulose is classified by its 
microstructure’s ability to be degraded in reactions with NaOH and H2O.  
We modeled these reactions by approximating them as two or three first order kinetic reactions.  
Each reaction is modeled as follows: 
 
 
 
(6) 
(7) 
(8) 
The change in concentration of cellulose based on having three levels of microstructures is thus 
the summation of the changes in concentrations of the three levels.  This is shown by equation 
(9).  You can extend this to more than three levels of microstructure.  The change in 
concentrations with n levels of cellulose microstructure is shown in equation (10).    12 
 
 
 
 
(9) 
(10) 
 
For the reactions without the catalyst, we assume only two reactions as the third peak is not as 
significant as in the reactions using the catalysts.  The overall reaction will be seen as a sum of 
the other reactions.   
Determining Mass and Molar Percentages of Different Microstructures of Cellulose 
From Figure 4, one can see that after the first peak at T = 560, the fraction of cellulose consumed 
is 0.24.  After the second major peak at T = 650, the fraction of cellulose consumed is 0.54.  In 
the first tests without catalysts, we assumed that the third peak was not important in the analysis.  
From this data were we are able to show that level I cellulose is around 24% of the biomass and 
level II cellulose is around 30% of the biomass.  The rest will assumed to be level III cellulose.  
The results can be seen in Table A1 in the Appendix.   
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Chapter 3:  Determining Kinetic Parameters 
The decompositions of the different types of cellulose are separate reactions and have 
separate kinetic parameters.  The focus on the sections below is to derive the relationships 
between temperature and rate constants.  We will do this by assuming an Arrhenius relationship 
based on the Arrhenius constant and activation energy.  The raw data spreadsheets are shown in 
the appendix.   
3.1 Cellulose Consumption without Catalyst 
Level I cellulose consumption without catalyst 
Using the data shown in Table A1 from the first peak and our approximation of the 
amount of level I, cellulose we estimate the kinetic constants of level I consumption at various 
temperatures.  In doing so, we assume that very little level II or level III cellulose is being 
consumed.  The results are shown in Table A3. Shown below are the Arrhenius plots for these 
reactions.   
 
Figure 6:  Arrhenius plot of level I cellulose consumption without cellulose 14 
 
 Here, we have determined an Arrhenius constant of 8910 and an activation energy 54.5 kJ/mol.  
However these results are sensitive to the points chosen.  If we remove one point, we get better 
fit but different values.  This is shown below in Figure A2.  
 
Figure 7:  Arrhenius plot of level I cellulose consumption without cellulose  
The data here is a better fit.  Here we obtain an Arrhenius constant of 1.16E+22 and activation 
energy of 249.6 kJ/mol.   
Level II cellulose consumption without catalyst 
The same procedure as shown above is used to obtain the kinetic parameters for level II 
cellulose consumption without catalysts.  The data for this is shown in Table A4.  Here as above 
we also assume that a negligible amount of level II cellulose was consumed before the second 
hill and a very negligible amount of level III is being consumed in the reactions on the second 
hill.   15 
 
  
Figure 7:  Arrhenius plot of level II cellulose consumption without cellulose  
The above results here result in an Arrhenius constant of 58100 and an activation energy of 75.2 
kJ/mol.  Like the level I reactions above, this data is sensitive.  Taking one point away will give 
different results.  This is shown below in Figure 8.   
 
Figure 8:  Arrhenius plot of level II cellulose consumption without cellulose  16 
 
Here the Arrhenius constant is 1680 and the activation energy is 55.6 kJ/mol.  While the data is 
not as great as a fit as the previous data, the 55.6 kJ/mol activation energy is similar to one of the 
activation energies determined for level I cellulose consumption.   
Level III cellulose consumption without catalyst 
From Table A2 in the appendix, we can see that about 13% of the level III cellulose is 
consumed in the reactions.  From Table A5, we only have three data points that can give an 
evaluation. These also do not show a strong correlation.  Thus it is difficult to accurately 
determine the kinetic parameters of this reaction.  This is shown below in Figure 9.  From these 
three points we do obtain an Arrhenius constant of 0.566 and an activation energy of 28.3 
kJ/mol.   
 
Figure 9:  Arrhenius plot of level III cellulose consumption without cellulose  
We can summarize the results above using the table below.   17 
 
 
Table 2:  Summary of Kinetic Parameters for Cellulose Consumption without Catalyst 
Type of Cellulose  Arrhenius Constant  Activation Energy (kJ/mol) 
Level 1  8910  54.7 
 
1.16E+22  249.6 
Level 2  58100  75.2 
1680  55.6 
Level 3  0.566  28.3 
 
From these parameters we can predict results and compare them to the original results.  Some 
sets of results are shown below.  We did not include the results for level III here.   
 
 18 
 
Figure 10:  Predicted results of cellulose consumption without catalyst using the following 
parameters:  Level 1 cellulose consumption A = 1.16E+22 and Ea = 249.6 kJ/mol. Level II 
cellulose consumption A = 1680 Ea = 55.6 kJ/mol 
 
Figure 11:  Predicted results of cellulose consumption without catalyst using the following 
parameters:  Level 1 cellulose consumption A = 1.16E+22 and Ea = 249.6 kJ/mol. Level II 
cellulose consumption A = 58100 Ea = 75.2 kJ/mol 
 
 19 
 
Figure 12:  Predicted results of cellulose consumption without catalyst using the following 
parameters:  Level 1 cellulose consumption A = 8910 and Ea = 54.6kJ/mol. Level II 
cellulose consumption A = 58100 Ea = 75.2 kJ/mol 
 
Figure 13:  Predicted results of cellulose consumption without catalyst using the following 
parameters:  Level 1 cellulose consumption A = 8910 and Ea = 54.6kJ/mol. Level II 
cellulose consumption A = 1680 Ea = 55.6 kJ/mol 
 
The results in Figures 10 and 11 give the results most similar to the experimental results (one 
narrow peak and a smaller and wider peak).  However the results are over 2 times the value of 
the experimental results.  The results in figures 12 and 13 are closer to the actual results and yet 
do not follow the model of two noticeable peaks.  If one does look carefully, there are two peaks 
but the results of the two types of celluloses are overlapping.  Overall, our different 
microstructures assumptions allow for predictions similar to the experimental data though off by 
a factor of 2.    
 
 20 
 
3.2 Cellulose Consumption with Ni/TiO2 Catalyst 
Using a similar procedure as above, we determined the kinetic parameters of the reactions using 
the Ni/TiO2 catalyst.    
Level I and level II cellulose consumption with Ni/TiO2 catalyst 
On Figure 5, we can see the first two hills overlap.  To begin with, we will assume, as above, that 
in each hill, most of the cellulose that is being digested is of one type.  The Arrhenius plot for the 
level I cellulose decomposition with catalyst is shown below in Figure 14.  The data is shown in 
Table A9.   
 
Figure 14:  Level I cellulose consumption with Ni/TiO2 catalyst 
Here is Arrhenius constant is determined to be 4910 and the activation energy is 54.8 kJ/mol.  
However for level II cellulose consumption, we have only two points that can be assumed to be 
mostly level II cellulose consumption.  This is shown in Table A10.  We try another approach.  
The approach here to approximate the two peaks as one large hill.   21 
 
For a new approximation, we combine level I and level II into a level I-II.  This will be 
approximately 50% of the cellulose from the data above for cellulose consumption without 
catalyst.  The resulting Arrhenius plot is shown below in Figure 15.   
 
Figure 15:  Level I-II cellulose consumption with Ni/TiO2 catalyst 
The data here is also a good fit.  The Arrhenius constant here is 28500 and the activation energy 
is 64.8 kJ/mol.   
Level III cellulose consumption with Ni/TiO2 catalyst 
These reactions gave an Arrhenius plot as shown below.   22 
 
 
Figure 16:  Level III cellulose consumption with Ni/TiO2 catalyst 
The Arrhenius constant obtained was 0.582 and the activation energy obtained was 16.2 kJ/mol. 
These values of course were on the lower ends.  The fit was not that strong however if more 
points for higher temperatures were added the line fit would be much weaker.  This can be 
shown below in Figure 17.   
 
Figure 16:  Level III cellulose consumption with Ni/TiO2 catalyst. Weak Fit 23 
 
 
Summary of Cellulose Consumption without Catalyst 
The results obtained can be summarized in Table 3 below.   
Table 3:  Summary of Kinetic Parameters for Cellulose Consumption with Ni/TiO2 catalyst 
Type of Cellulose  Arrhenius Constant  Activation Energy (kJ/mol) 
Level 1-2  28500  64.8 
Level 3  0.582  16.2 
 
From comparison with Table 2, we cannot ascertain a proper relationship between the data at this 
moment.  This may be due to many factors.  First of all, level 1 and 2 are combined here due to 
the overlapping hills that occur in the data.  There also may be more than three levels.  Another 
important point of note is that these reactions are not first order reactions and this also influences 
the data.   
Using these parameters, we can still predict results and compare them to the original results.  
These are shown in Figure 17 below.   
 24 
 
 
Figure 17:  Predicted results of cellulose consumption using Ni/TiO2 catalyst 
The results here are about two times the results in the experimental data.  There is only one 
visible peak but that is due to the two peaks overlapping each other.   
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Chapter 4:  Thermodynamics of Cellulose Consumption 
A thermodynamic factor that we needed was enthalpy.  Using values of enthalpies of 
formation, we calculated the standard enthalpy of this reaction to be -404  kJ/mol.  This reaction 
is thus exothermic.  In doing so, we assumed the main reaction that influenced the 
thermodynamics was the reaction of glucose with NaOH to form hydrogen and sodium 
bicarbonate.   
The results from Ishida et al showed the free energy change of this reaction to be -1220 
kJ/mol glucose showing that this reaction is thermodynamically favorable under the reactor 
conditions.
1  
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Chapter 5:  Reactor Design 
The next step is to use the kinetic estimations to design a reactor that can be used to scale up this 
process.  This is shown below 
5.1 Continuous Stirred-Tank Reactor 
For a continuous process, a continuous stirred-tank reactor is one option that can be pursued.  In 
this reactor, we assume that the reactor is virtually isothermal.  Before adding the feed to the 
reactor, we will heat the feed from room temperature to a temperature close to that of the reactor.  
This will require a heating load.  In these reactions, we will want to have a lower heating load 
but we want to ensure that there will be high rates of conversion.  This can be done with a higher 
residence time.  However larger residence times will mean larger reactors and thus higher capital 
costs.   
 
Figure 17:  Heating load for different feed temperatures 
 
For the process without a catalyst, we modeled a CSTR and obtained the following results shown 
in Figure 18.   27 
 
 
Figure 17:  Predicted results of CSTR with no catalyst 
From the results, we notice that CSTR results approach a 54% conversion rate at residence times 
from 0 to 200 minutes.  An ideal temperature here is around 650 to 700 K as this is close to the 
maximum conversion that can occur with these residence times.  The residence times that can be 
sufficient are around 40-50 minutes.   
When we add catalyst to the CSTR, the ideal temperatures and residence times are still in the 
same ballpark.  However we have a much higher conversion rate going up to 94%.  Ideally the 
ideal conditions inferred here can achieve 80% conversion. This is shown in Figure 18.   28 
 
 
Figure 18:  Predicted results of CSTR with catalyst 
 
 
 
 
 
 
 
 
 
 
 
 
 
 29 
 
5.2 Plug Flow Tubular Reactor  
Besides the CSTR model, we can also explore the plug flow tubular reactor.  Here the 
reactor varies in concentration down the axis of flow.  This is important in the case of exothermic 
reactions.  At each location, the temperature varies due to the exotherm and thus the reaction 
rates become higher.  This allows us to save energy costs by allowing a higher conversion with a 
given heating load.  Thus it is more efficient.  The results of a PFTR without a catalyst are shown 
below in Figure 19.   
 
 
Figure 18:  Predicted results of PFTR with no catalyst 
Like in the CSTR, the conversions also approach 54%.  An ideal operating point would be at 
650-700 K and with a residence time of 20-30 minutes.  Compared to the CSTR, we have cut the 
residence time in half for the same conversion.  Adding a catalyst to the PSTR would increase 
conversions to 100% as shown below.   30 
 
 
Figure 18:  Predicted results of PFTR with no catalyst 
With a residence time of around 40 minutes and 700 K, one can achieve a conversion of 90%.  
The PSTR arrangement with catalyst is the best arrangement possible.   
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Chapter 6:  Circulating Fluidized Bed Reactors 
A possible design for the alkaline hydrothermal treatment reactor is a circulating 
fluidized bed.  Circulating fluidized bed technology is already used for many applications such 
as coal gasification and biomass gasification.  Currently, there much development work going on 
to better model the parameters and hydrodynamics of fluidized bed reactors.
5   
A circulating fluidized bed reactor allows for continuous flow of the mixed solid and gas stream. 
Another advantage of this technology is that it allows for the benefits of plug-flow reactors.  
Finally a very important feature of circulating fluidized bed technology is that the solids are re-
entrained and re-captured.  This allows them to have an increased residence time.
6   
This technology will be very beneficial in the case.  From our findings, plug flow reactors 
with catalysts provide the maximum yield of hydrogen.  These reactions however do require high 
residence times of 50 minutes to achieve this conversion.  Thus the recapture and re-entrainment 
of solids will allow for these increased residence times.   
A diagram of a CFB gasifier is shown below: 32 
 
 
Figure 19:  Diagram of a CFB Reactor
6 
In the above example, biomass or coal is loaded through the hoppers and enter a pre-
heated vessel where gasification takes place.  The cyclone is where the separation of gases and 
solids takes place.  The solids can be recaptured and thus re-entrained in the mixture.  The ash 
contained within the gaseous mixture is removed in the filter unit and the resulting gas is 
outputted.
6  Using the above model, we can postulate a type of circulating fluidized bed reactor 
for our proposed process.  The cellulosic biomass, catalyst, and NaOH solution can be loaded 
into the hopper.  Water vapor will also be loaded into the vessel.  A burner can be used to pre-
heat the biomass feed.  After the material is processed, the cyclone can be used to separated 
unreacted cellulose and the resulting hydrogen gas stream.  One area of study will be how much 
soda ash or sodium carbonate will be entrained within the solids and how much will enter the 
gaseous stream.  This will allow for better understanding when it comes to studying the 
separation of the solids.   33 
 
Chapter 7:  Conclusions 
  From the experimental data of Ishida et al, we derived kinetic models using our 
assumption that different microstructures of cellulose undergo different degradation rates.  This 
was used to develop reactor models.  From these models, the best type of reactor is a plug flow 
tubular reactor containing catalyst.  Here, we can achieve 90% conversion at 650-700 K and with 
a residence time of 40 minutes.  The best type of reactor technology to pursue for this is 
circulating fluidized bed technology.   
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Appendix 
Appendix 1:  Raw Data 
Raw Data 
Specifications 
Mass of Cellulose  0.45  g 
Molecular Weight  152.64  g/mol 
Moles Cellulose  2.9E-03  mol 
 
The cellulose consumption rate was determined using the stoichiometric relationship between 
hydrogen formation and cellulose consumption.  The amount of cellulose consumed in an 
internal was assumed by averaging the consumption rates between two points and multiplying 
them by the difference in time.   
Table A1: Cellulose Consumption without Catalyst 
Temperature 
(K) 
Formation Rate 
(micromol/min) 
Time 
(min) 
Time 
Difference 
(min) 
Formation 
Rate 
(mol/min) 
Cellulose 
Consumption 
rate 
(mol/min) 
Total 
Cellulose 
Consumed 
Fraction 
of 
Cellulose 
Consumed 
373  10  0     1.00E-05  8.33E-07  0.00E+00  0.00 
500  15  63.5  63.5  1.50E-05  1.25E-06  6.61E-05  0.02 
515  100  71  7.5  1.00E-04  8.33E-06  1.02E-04  0.03 
525  650  76  5  6.50E-04  5.42E-05  2.58E-04  0.09 
530  560  78.5  2.5  5.60E-04  4.67E-05  3.84E-04  0.13 
540  250  83.5  5  2.50E-04  2.08E-05  5.53E-04  0.19 
560  100  93.5  10  1.00E-04  8.33E-06  6.99E-04  0.24 
575  245  101  7.5  2.45E-04  2.04E-05  8.07E-04  0.27 
590  290  108.5  7.5  2.90E-04  2.42E-05  9.74E-04  0.33 
615  250  121  12.5  2.50E-04  2.08E-05  1.26E-03  0.43 
630  210  128.5  7.5  2.10E-04  1.75E-05  1.40E-03  0.47 
640  160  133.5  5  1.60E-04  1.33E-05  1.48E-03  0.50 
650  50  138.5  5  5.00E-05  4.17E-06  1.52E-03  0.52 
680  70  153.5  15  7.00E-05  5.83E-06  1.59E-03  0.54 
700  100  163.5  10  1.00E-04  8.33E-06  1.67E-03  0.56 
720  90  173.5  10  9.00E-05  7.50E-06  1.74E-03  0.59 35 
 
740  0  183.5  10  0.00E+00  0.00E+00  1.78E-03  0.60 
 
Table A2: Cellulose Consumption with Ni/TiO2 Catalyst 
Temperature 
Formation Rate 
(micromol/min) 
Time 
(min) 
Time 
Difference 
(min) 
Formation 
Rate 
(mol/min) 
Cellulose 
Consumption 
rate 
(mol/min) 
Total 
Cellulose 
Consumed  Fraction 
373  5  0     5.00E-06  4.17E-07  0.00E+00  0.00 
400  5  13.5  13.5  5.00E-06  4.17E-07  5.63E-06  0.00 
450  10  38.5  25  1.00E-05  8.33E-07  2.13E-05  0.01 
500  40  63.5  25  4.00E-05  3.33E-06  7.33E-05  0.02 
510  120  68.5  5  1.20E-04  1.00E-05  1.07E-04  0.04 
525  860  76  7.5  8.60E-04  7.17E-05  4.13E-04  0.14 
535  720  81  5  7.20E-04  6.00E-05  7.42E-04  0.25 
550  750  88.5  7.5  7.50E-04  6.25E-05  1.20E-03  0.40 
575  420  101  12.5  4.20E-04  3.50E-05  1.81E-03  0.60 
580  210  103.5  2.5  2.10E-04  1.75E-05  1.88E-03  0.62 
590  420  108.5  5  4.20E-04  3.50E-05  2.01E-03  0.67 
610  490  118.5  10  4.90E-04  4.08E-05  2.39E-03  0.79 
630  210  128.5  10  2.10E-04  1.75E-05  2.68E-03  0.89 
650  100  138.5  10  1.00E-04  8.33E-06  2.81E-03  0.93 
665  50  146  7.5  5.00E-05  4.17E-06  2.85E-03  0.95 
700  50  163.5  17.5  5.00E-05  4.17E-06  2.93E-03  0.97 
740  50  183.5  20  5.00E-05  4.17E-06  3.01E-03  1.00 
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Appendix 2:  Tables of Arrhenius-Plot Calculations for Cellulose Consumption without 
Catalyst 
Table A3:  Level I cellulose consumption without catalyst 
Temperature 
(K) 
Time 
Difference 
(min) 
Cellulose 
Consumption 
rate 
(mol/min) 
Level 1 
Cellulose 
Remaining 
(mol) 
Fraction 
of Level 1 
Cellulose 
Remaining  k  1/T  ln(k) 
373     8.33E-07  7.08E-04  1.00  1.18E-03  2.68E-03  -6.74 
500  63.5  1.25E-06  6.41E-04  0.91  1.95E-03  2.00E-03  -6.24 
515  7.5  8.33E-06  6.05E-04  0.86  1.38E-02  1.94E-03  -4.29 
525  5  5.42E-05  4.49E-04  0.63  1.21E-01  1.90E-03  -2.12 
530  2.5  4.67E-05  3.23E-04  0.46  1.44E-01  1.89E-03  -1.94 
540  5  2.08E-05  1.54E-04  0.22  1.35E-01  1.85E-03  -2.00 
560  10  8.33E-06  8.59E-06  0.01  9.70E-01  1.79E-03  -0.03 
 
Table A4:  Level II cellulose consumption without catalyst 
Temperature 
(K) 
Time 
Difference 
(min) 
Cellulose 
Consumption 
rate 
(mol/min) 
Level 2 
Cellulose 
Remaining 
(mol) 
Fraction 
of Level 2 
Cellulose 
Remaining  k  1/T  ln(k) 
560  10  8.33E-06  8.84E-04  1.00  9.42E-03  1.79E-03  -4.66 
575  7.5  2.04E-05  7.77E-04  0.88  2.63E-02  1.74E-03  -3.64 
590  7.5  2.42E-05  6.09E-04  0.69  3.97E-02  1.69E-03  -3.23 
615  12.5  2.08E-05  3.28E-04  0.37  6.35E-02  1.63E-03  -2.76 
630  7.5  1.75E-05  1.84E-04  0.21  9.49E-02  1.59E-03  -2.36 
640  5  1.33E-05  1.07E-04  0.12  1.24E-01  1.56E-03  -2.09 
650  5  4.17E-06  6.36E-05  0.07  6.55E-02  1.54E-03  -2.73 
 
Table A5:  Level III cellulose consumption without catalyst 37 
 
Temperature 
(K) 
Time 
Difference 
(min) 
Cellulose 
Consumption 
rate 
(mol/min) 
Level 3 
Cellulose 
Remaining 
(mol) 
Fraction 
of Level 2 
Cellulose 
Remaining  k  1/T  ln(k) 
650  5  4.17E-06  1.36E-03  1.00  3.07E-03  1.54E-03  -5.79 
680  15  5.83E-06  1.35E-03  0.996313  4.32E-03  1.47E-03  -5.45 
700  10  8.33E-06  1.34E-03  0.99109  6.20E-03  1.43E-03  -5.08 
720  10  7.50E-06  1.34E-03  0.985252  5.61E-03  1.39E-03  -5.18 
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Appendix 3:  Predicted Results of Cellulose Consumption without Catalyst 
Table A6:  Predicted results of cellulose consumption without catalyst using the following 
parameters:  Level 1 cellulose consumption A = 1.16E+22 and Ea = 249.6 kJ/mol. Level II 
cellulose consumption A = 1680 Ea = 55.6 kJ/mol 
Time 
Temperature 
(K) 
Level I Cellulose 
Present (mol) 
Level II 
Cellulose 
Present 
(mol) 
Level I 
Cellulose 
Consumption 
Rate 
(mol/min) 
Level II 
Cellulose 
Consumption 
Rate 
(mol/min) 
Total 
Consumption 
Rate 
(mol/min) 
0  373  7.50E-04  9.38E-04  9.26E-17  2.58E-08  0.00E+00 
13.5  400  7.50E-04  9.38E-04  2.12E-14  8.65E-08  5.36E-08 
18.5  410  7.50E-04  9.38E-04  1.33E-13  1.30E-07  1.30E-07 
23.5  420  7.50E-04  9.38E-04  7.59E-13  1.92E-07  1.92E-07 
28.5  430  7.50E-04  9.37E-04  4.00E-12  2.77E-07  2.77E-07 
33.5  440  7.50E-04  9.37E-04  1.96E-11  3.95E-07  3.95E-07 
38.5  450  7.50E-04  9.36E-04  8.93E-11  5.53E-07  5.53E-07 
43.5  460  7.50E-04  9.36E-04  3.81E-10  7.64E-07  7.64E-07 
48.5  470  7.50E-04  9.35E-04  1.53E-09  1.04E-06  1.04E-06 
53.5  480  7.50E-04  9.33E-04  5.79E-09  1.40E-06  1.40E-06 
58.5  490  7.50E-04  9.31E-04  2.08E-08  1.85E-06  1.87E-06 
63.5  500  7.50E-04  9.29E-04  7.07E-08  2.43E-06  2.50E-06 
68.5  510  7.50E-04  9.26E-04  2.30E-07  3.14E-06  3.37E-06 
73.5  520  7.49E-04  9.22E-04  7.12E-07  4.03E-06  4.74E-06 
78.5  530  7.47E-04  9.17E-04  2.11E-06  5.10E-06  7.21E-06 
83.5  540  7.41E-04  9.10E-04  5.98E-06  6.40E-06  1.24E-05 
88.5  550  7.25E-04  9.02E-04  1.61E-05  7.95E-06  2.40E-05 
93.5  560  6.82E-04  8.92E-04  4.01E-05  9.77E-06  4.99E-05 
98.5  570  5.79E-04  8.80E-04  8.73E-05  1.19E-05  9.92E-05 
103.5  580  3.63E-04  8.66E-04  1.36E-04  1.43E-05  1.50E-04 
108.5  590  3.67E-05  8.48E-04  3.30E-05  1.70E-05  5.00E-05 
113.5  600  0.00E+00  8.28E-04  0.00E+00  2.01E-05  2.01E-05 
118.5  610  0.00E+00  8.04E-04  0.00E+00  2.34E-05  2.34E-05 
123.5  620  0.00E+00  7.76E-04  0.00E+00  2.70E-05  2.70E-05 
128.5  630  0.00E+00  7.44E-04  0.00E+00  3.07E-05  3.07E-05 39 
 
133.5  640  0.00E+00  7.07E-04  0.00E+00  3.45E-05  3.45E-05 
138.5  650  0.00E+00  6.67E-04  0.00E+00  3.81E-05  3.81E-05 
143.5  660  0.00E+00  6.22E-04  0.00E+00  4.16E-05  4.16E-05 
148.5  670  0.00E+00  5.74E-04  0.00E+00  4.46E-05  4.46E-05 
153.5  680  0.00E+00  5.22E-04  0.00E+00  4.70E-05  4.70E-05 
158.5  690  0.00E+00  4.68E-04  0.00E+00  4.86E-05  4.86E-05 
163.5  700  0.00E+00  4.12E-04  0.00E+00  4.92E-05  4.92E-05 
168.5  710  0.00E+00  3.56E-04  0.00E+00  4.86E-05  4.86E-05 
173.5  720  0.00E+00  3.01E-04  0.00E+00  4.68E-05  4.68E-05 
178.5  730  0.00E+00  2.48E-04  0.00E+00  4.37E-05  4.37E-05 
183.5  740  0.00E+00  1.98E-04  0.00E+00  3.96E-05  3.96E-05 
188.5  750  0.00E+00  1.53E-04  0.00E+00  3.46E-05  3.46E-05 
193.5  760  0.00E+00  1.14E-04  0.00E+00  2.90E-05  2.90E-05 
198.5  770  0.00E+00  8.19E-05  0.00E+00  2.33E-05  2.33E-05 
203.5  780  0.00E+00  5.59E-05  0.00E+00  1.78E-05  1.78E-05 
208.5  790  0.00E+00  3.61E-05  0.00E+00  1.28E-05  1.28E-05 
213.5  800  0.00E+00  2.19E-05  0.00E+00  8.62E-06  8.62E-06 
218.5  810  0.00E+00  1.23E-05  0.00E+00  5.38E-06  5.38E-06 
223.5  820  0.00E+00  6.38E-06  0.00E+00  3.08E-06  3.08E-06 
228.5  830  0.00E+00  2.98E-06  0.00E+00  1.59E-06  1.59E-06 
233.5  840  0.00E+00  1.23E-06  0.00E+00  7.24E-07  7.24E-07 
238.5  850  0.00E+00  4.40E-07  0.00E+00  2.83E-07  2.83E-07 
243.5  860  0.00E+00  1.30E-07  0.00E+00  9.14E-08  9.14E-08 
 
Table A7:  Predicted results of cellulose consumption without catalyst using the following 
parameters:  Level 1 cellulose consumption A = 1.16E+22 and Ea = 249.6 kJ/mol. Level II 
cellulose consumption A = 58100 Ea = 75.2 kJ/mol 
Time 
Temperature 
(K) 
Level I 
Cellulose 
Present 
(mol) 
Level II 
Cellulose 
Present 
(mol) 
Level I 
Cellulose 
Consumptio
n Rate 
Level II 
Cellulose 
Consumptio
n Rate 
Total 
Consumptio
n Rate 
0  373  7.50E-04  9.38E-04  9.26E-17  1.58E-09  0 
13.5  400  7.50E-04  9.38E-04  2.12E-14  8.13E-09  5.04E-09 
18.5  410  7.50E-04  9.38E-04  1.33E-13  1.41E-08  1.4111E-08 
23.5  420  7.50E-04  9.38E-04  7.59E-13  2.39E-08  2.3867E-08 
28.5  430  7.50E-04  9.38E-04  4.00E-12  3.94E-08  3.9395E-08 
33.5  440  7.50E-04  9.38E-04  1.96E-11  6.35E-08  6.3569E-08 
38.5  450  7.50E-04  9.38E-04  8.93E-11  1.00E-07  1.0045E-07 
43.5  460  7.50E-04  9.38E-04  3.81E-10  1.55E-07  1.5576E-07 
48.5  470  7.50E-04  9.37E-04  1.53E-09  2.36E-07  2.3762E-07 40 
 
53.5  480  7.50E-04  9.37E-04  5.79E-09  3.52E-07  3.5827E-07 
58.5  490  7.50E-04  9.37E-04  2.08E-08  5.18E-07  5.3836E-07 
63.5  500  7.50E-04  9.36E-04  7.07E-08  7.48E-07  8.1901E-07 
68.5  510  7.50E-04  9.35E-04  2.30E-07  1.07E-06  1.2954E-06 
73.5  520  7.49E-04  9.33E-04  7.12E-07  1.50E-06  2.2087E-06 
78.5  530  7.47E-04  9.31E-04  2.11E-06  2.07E-06  4.1846E-06 
83.5  540  7.41E-04  9.28E-04  5.98E-06  2.84E-06  8.8157E-06 
88.5  550  7.25E-04  9.24E-04  1.61E-05  3.83E-06  1.9904E-05 
93.5  560  6.82E-04  9.19E-04  4.01E-05  5.11E-06  4.5223E-05 
98.5  570  5.79E-04  9.13E-04  8.73E-05  6.74E-06  9.4034E-05 
103.5  580  3.63E-04  9.04E-04  1.36E-04  8.77E-06  0.00014439 
108.5  590  3.67E-05  8.92E-04  3.30E-05  1.13E-05  4.4238E-05 
113.5  600  0.00E+00  8.78E-04  0.00E+00  1.43E-05  1.4335E-05 
118.5  610  0.00E+00  8.59E-04  0.00E+00  1.80E-05  1.7972E-05 
123.5  620  0.00E+00  8.36E-04  0.00E+00  2.22E-05  2.2225E-05 
128.5  630  0.00E+00  8.08E-04  0.00E+00  2.71E-05  2.7081E-05 
133.5  640  0.00E+00  7.75E-04  0.00E+00  3.25E-05  3.2475E-05 
138.5  650  0.00E+00  7.34E-04  0.00E+00  3.83E-05  3.8263E-05 
143.5  660  0.00E+00  6.87E-04  0.00E+00  4.42E-05  4.4209E-05 
148.5  670  0.00E+00  6.33E-04  0.00E+00  5.00E-05  4.9965E-05 
153.5  680  0.00E+00  5.72E-04  0.00E+00  5.51E-05  5.5075E-05 
158.5  690  0.00E+00  5.05E-04  0.00E+00  5.90E-05  5.8989E-05 
163.5  700  0.00E+00  4.34E-04  0.00E+00  6.11E-05  6.1121E-05 
168.5  710  0.00E+00  3.60E-04  0.00E+00  6.09E-05  6.0934E-05 
173.5  720  0.00E+00  2.88E-04  0.00E+00  5.81E-05  5.8059E-05 
178.5  730  0.00E+00  2.19E-04  0.00E+00  5.24E-05  5.2437E-05 
183.5  740  0.00E+00  1.57E-04  0.00E+00  4.44E-05  4.443E-05 
188.5  750  0.00E+00  1.04E-04  0.00E+00  3.49E-05  3.4852E-05 
193.5  760  0.00E+00  6.36E-05  0.00E+00  2.49E-05  2.4877E-05 
198.5  770  0.00E+00  3.46E-05  0.00E+00  1.58E-05  1.5785E-05 
203.5  780  0.00E+00  1.62E-05  0.00E+00  8.61E-06  8.6137E-06 
208.5  790  0.00E+00  6.26E-06  0.00E+00  3.85E-06  3.8451E-06 
213.5  800  0.00E+00  1.82E-06  0.00E+00  1.29E-06  1.2903E-06 
218.5  810  0.00E+00  3.36E-07  0.00E+00  2.74E-07  2.7374E-07 
223.5  820  0.00E+00  2.20E-08  0.00E+00  2.05E-08  2.0532E-08 
228.5  830  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 
233.5  840  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 
238.5  850  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 
243.5  860  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 
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Table A7:  Predicted results of cellulose consumption without catalyst using the following 
parameters:  Level 1 cellulose consumption A = 8910 and Ea = 54.6kJ/mol. Level II 
cellulose consumption A = 58100 Ea = 75.2 kJ/mol 
Time 
Temperature 
(K) 
Level I 
Cellulose 
Present 
(mol) 
Level II 
Cellulose 
Present 
(mol) 
Level I 
Cellulose 
Consumptio
n Rate 
Level II 
Cellulose 
Consumptio
n Rate 
Total 
Consumptio
n Rate 
0  373  7.50E-04  9.38E-04  1.46E-07  1.58E-09  0.00E+00 
13.5  400  7.50E-04  9.38E-04  4.79E-07  8.13E-09  3.02E-07 
18.5  410  7.49E-04  9.38E-04  7.15E-07  1.41E-08  7.29E-07 
23.5  420  7.48E-04  9.38E-04  1.05E-06  2.39E-08  1.07E-06 
28.5  430  7.47E-04  9.38E-04  1.50E-06  3.94E-08  1.54E-06 
33.5  440  7.45E-04  9.38E-04  2.12E-06  6.35E-08  2.19E-06 
38.5  450  7.42E-04  9.38E-04  2.95E-06  1.00E-07  3.05E-06 
43.5  460  7.38E-04  9.38E-04  4.03E-06  1.55E-07  4.18E-06 
48.5  470  7.32E-04  9.37E-04  5.42E-06  2.36E-07  5.66E-06 
53.5  480  7.25E-04  9.37E-04  7.19E-06  3.52E-07  7.54E-06 
58.5  490  7.15E-04  9.37E-04  9.38E-06  5.18E-07  9.90E-06 
63.5  500  7.03E-04  9.36E-04  1.21E-05  7.48E-07  1.28E-05 
68.5  510  6.87E-04  9.35E-04  1.53E-05  1.07E-06  1.63E-05 
73.5  520  6.68E-04  9.33E-04  1.90E-05  1.50E-06  2.05E-05 
78.5  530  6.44E-04  9.31E-04  2.33E-05  2.07E-06  2.53E-05 
83.5  540  6.14E-04  9.28E-04  2.79E-05  2.84E-06  3.08E-05 
88.5  550  5.80E-04  9.24E-04  3.29E-05  3.83E-06  3.67E-05 
93.5  560  5.39E-04  9.19E-04  3.79E-05  5.11E-06  4.30E-05 
98.5  570  4.92E-04  9.13E-04  4.25E-05  6.74E-06  4.93E-05 
103.5  580  4.40E-04  9.04E-04  4.64E-05  8.77E-06  5.52E-05 
108.5  590  3.84E-04  8.92E-04  4.91E-05  1.13E-05  6.04E-05 
113.5  600  3.25E-04  8.78E-04  5.00E-05  1.43E-05  6.43E-05 
118.5  610  2.65E-04  8.59E-04  4.88E-05  1.80E-05  6.68E-05 
123.5  620  2.07E-04  8.36E-04  4.54E-05  2.22E-05  6.76E-05 
128.5  630  1.53E-04  8.08E-04  3.98E-05  2.71E-05  6.69E-05 
133.5  640  1.07E-04  7.75E-04  3.25E-05  3.25E-05  6.50E-05 
138.5  650  6.85E-05  7.34E-04  2.45E-05  3.83E-05  6.28E-05 
143.5  660  3.99E-05  6.87E-04  1.66E-05  4.42E-05  6.09E-05 
148.5  670  2.06E-05  6.33E-04  9.97E-06  5.00E-05  5.99E-05 
153.5  680  9.09E-06  5.72E-04  5.08E-06  5.51E-05  6.02E-05 
158.5  690  3.25E-06  5.05E-04  2.09E-06  5.90E-05  6.11E-05 
163.5  700  8.54E-07  4.34E-04  6.29E-07  6.11E-05  6.18E-05 
168.5  710  1.36E-07  3.60E-04  1.14E-07  6.09E-05  6.10E-05 42 
 
173.5  720  5.86E-09  2.88E-04  5.61E-09  5.81E-05  5.81E-05 
178.5  730  0.00E+00  2.19E-04  0.00E+00  5.24E-05  5.24E-05 
183.5  740  0.00E+00  1.57E-04  0.00E+00  4.44E-05  4.44E-05 
188.5  750  0.00E+00  1.04E-04  0.00E+00  3.49E-05  3.49E-05 
193.5  760  0.00E+00  6.36E-05  0.00E+00  2.49E-05  2.49E-05 
198.5  770  0.00E+00  3.46E-05  0.00E+00  1.58E-05  1.58E-05 
203.5  780  0.00E+00  1.62E-05  0.00E+00  8.61E-06  8.61E-06 
208.5  790  0.00E+00  6.26E-06  0.00E+00  3.85E-06  3.85E-06 
213.5  800  0.00E+00  1.82E-06  0.00E+00  1.29E-06  1.29E-06 
218.5  810  0.00E+00  3.36E-07  0.00E+00  2.74E-07  2.74E-07 
223.5  820  0.00E+00  2.20E-08  0.00E+00  2.05E-08  2.05E-08 
228.5  830  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 
233.5  840  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 
238.5  850  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 
243.5  860  0.00E+00  0.00E+00  0.00E+00  0.00E+00  0.00E+00 
 
Table A8:  Predicted results of cellulose consumption without catalyst using the following 
parameters:  Level 1 cellulose consumption A = 8910 and Ea = 54.6kJ/mol. Level II 
cellulose consumption A = 1680 Ea = 55.6 kJ/mol 
Time 
Temperature 
(K) 
Level I 
Cellulose 
Present 
(mol) 
Level II 
Cellulose 
Present 
(mol) 
Level I 
Cellulose 
Consumptio
n Rate 
Level II 
Cellulose 
Consumptio
n Rate 
Total 
Consumptio
n Rate 
0  373  7.50E-04  9.38E-04  1.46E-07  2.58E-08  0.00E+00 
13.5  400  7.50E-04  9.38E-04  4.79E-07  8.65E-08  3.51E-07 
18.5  410  7.49E-04  9.38E-04  7.15E-07  1.30E-07  8.45E-07 
23.5  420  7.48E-04  9.38E-04  1.05E-06  1.92E-07  1.24E-06 
28.5  430  7.47E-04  9.37E-04  1.50E-06  2.77E-07  1.78E-06 
33.5  440  7.45E-04  9.37E-04  2.12E-06  3.95E-07  2.52E-06 
38.5  450  7.42E-04  9.36E-04  2.95E-06  5.53E-07  3.50E-06 
43.5  460  7.38E-04  9.36E-04  4.03E-06  7.64E-07  4.79E-06 
48.5  470  7.32E-04  9.35E-04  5.42E-06  1.04E-06  6.46E-06 
53.5  480  7.25E-04  9.33E-04  7.19E-06  1.40E-06  8.58E-06 
58.5  490  7.15E-04  9.31E-04  9.38E-06  1.85E-06  1.12E-05 
63.5  500  7.03E-04  9.29E-04  1.21E-05  2.43E-06  1.45E-05 
68.5  510  6.87E-04  9.26E-04  1.53E-05  3.14E-06  1.84E-05 
73.5  520  6.68E-04  9.22E-04  1.90E-05  4.03E-06  2.30E-05 
78.5  530  6.44E-04  9.17E-04  2.33E-05  5.10E-06  2.84E-05 
83.5  540  6.14E-04  9.10E-04  2.79E-05  6.40E-06  3.43E-05 
88.5  550  5.80E-04  9.02E-04  3.29E-05  7.95E-06  4.08E-05 43 
 
93.5  560  5.39E-04  8.92E-04  3.79E-05  9.77E-06  4.76E-05 
98.5  570  4.92E-04  8.80E-04  4.25E-05  1.19E-05  5.44E-05 
103.5  580  4.40E-04  8.66E-04  4.64E-05  1.43E-05  6.07E-05 
108.5  590  3.84E-04  8.48E-04  4.91E-05  1.70E-05  6.61E-05 
113.5  600  3.25E-04  8.28E-04  5.00E-05  2.01E-05  7.01E-05 
118.5  610  2.65E-04  8.04E-04  4.88E-05  2.34E-05  7.22E-05 
123.5  620  2.07E-04  7.76E-04  4.54E-05  2.70E-05  7.23E-05 
128.5  630  1.53E-04  7.44E-04  3.98E-05  3.07E-05  7.05E-05 
133.5  640  1.07E-04  7.07E-04  3.25E-05  3.45E-05  6.70E-05 
138.5  650  6.85E-05  6.67E-04  2.45E-05  3.81E-05  6.26E-05 
143.5  660  3.99E-05  6.22E-04  1.66E-05  4.16E-05  5.82E-05 
148.5  670  2.06E-05  5.74E-04  9.97E-06  4.46E-05  5.46E-05 
153.5  680  9.09E-06  5.22E-04  5.08E-06  4.70E-05  5.21E-05 
158.5  690  3.25E-06  4.68E-04  2.09E-06  4.86E-05  5.07E-05 
163.5  700  8.54E-07  4.12E-04  6.29E-07  4.92E-05  4.98E-05 
168.5  710  1.36E-07  3.56E-04  1.14E-07  4.86E-05  4.87E-05 
173.5  720  5.86E-09  3.01E-04  5.61E-09  4.68E-05  4.68E-05 
178.5  730  0.00E+00  2.48E-04  0.00E+00  4.37E-05  4.37E-05 
183.5  740  0.00E+00  1.98E-04  0.00E+00  3.96E-05  3.96E-05 
188.5  750  0.00E+00  1.53E-04  0.00E+00  3.46E-05  3.46E-05 
193.5  760  0.00E+00  1.14E-04  0.00E+00  2.90E-05  2.90E-05 
198.5  770  0.00E+00  8.19E-05  0.00E+00  2.33E-05  2.33E-05 
203.5  780  0.00E+00  5.59E-05  0.00E+00  1.78E-05  1.78E-05 
208.5  790  0.00E+00  3.61E-05  0.00E+00  1.28E-05  1.28E-05 
213.5  800  0.00E+00  2.19E-05  0.00E+00  8.62E-06  8.62E-06 
218.5  810  0.00E+00  1.23E-05  0.00E+00  5.38E-06  5.38E-06 
223.5  820  0.00E+00  6.38E-06  0.00E+00  3.08E-06  3.08E-06 
228.5  830  0.00E+00  2.98E-06  0.00E+00  1.59E-06  1.59E-06 
233.5  840  0.00E+00  1.23E-06  0.00E+00  7.24E-07  7.24E-07 
238.5  850  0.00E+00  4.40E-07  0.00E+00  2.83E-07  2.83E-07 
243.5  860  0.00E+00  1.30E-07  0.00E+00  9.14E-08  9.14E-08 
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Appendix 4:  Tables of Arrhenius-Plot Calculations for Cellulose Consumption with 
Catalyst 
TableA9:  Level I cellulose consumption with Ni/TiO2 catalyst 
Temperature 
(K) 
Time 
Difference 
(min) 
Cellulose 
Consumption 
rate 
(mol/min) 
Level 1 
Cellulose 
Remaining 
(mol) 
Fraction of 
Level 1 
cellulose 
Remaining  k.dig  1/T  ln(k) 
373  0  4.17E-07  7.08E-04  1.00  5.89E-04  2.68E-03  -7.44 
400  13.5  4.17E-07  7.02E-04  0.99  5.94E-04  2.50E-03  -7.43 
450  25  8.33E-07  6.86E-04  0.97  1.21E-03  2.22E-03  -6.71 
500  25  3.33E-06  6.34E-04  0.90  5.26E-03  2.00E-03  -5.25 
510  5  1.00E-05  6.01E-04  0.85  1.66E-02  1.96E-03  -4.10 
525  7.5  7.17E-05  2.95E-04  0.42  2.43E-01  1.90E-03  -1.41 
 
Table A10:  Level II cellulose consumption with Ni/TiO2 catalyst 
Temperature 
(K) 
Time 
Difference 
(min) 
Level II 
Cellulose 
Consumption 
rate (mol/min) 
Level II 
Cellulose 
Remaining 
(mol) 
Fraction 
of Level 2  
Cellulose 
Remaining  k  1/T  ln(k) 
535  5  6.00E-05  8.84E-04  1.00  6.78E-02  1.87E-03  -2.69 
550  7.5  6.25E-05  4.25E-04  0.48  1.47E-01  1.82E-03  -1.92 
 
Table A10:  Level I-II cellulose consumption with Ni/TiO2 catalyst 
Temperature 
(K) 
Time 
Difference 
(min) 
Cellulose 
Consumption 
rate 
(mol/min) 
Level 1 
Cellulose 
Remaining 
(mol) 
Fraction of 
Level 1 
cellulose 
Remaining  k.dig  1/T  ln(k) 
373  0  4.17E-07  1.59E-03  1.00  2.62E-04  2.68E-03  -8.25 
400  13.5  4.17E-07  1.58E-03  0.99  2.64E-04  2.50E-03  -8.24 
450  25  8.33E-07  1.56E-03  0.98  5.33E-04  2.22E-03  -7.54 
500  25  3.33E-06  1.51E-03  0.95  2.21E-03  2.00E-03  -6.12 
510  5  1.00E-05  1.48E-03  0.93  6.76E-03  1.96E-03  -5.00 
525  7.5  7.17E-05  1.17E-03  0.74  6.11E-02  1.90E-03  -2.79 
535  5  6.00E-05  8.43E-04  0.53  7.12E-02  1.87E-03  -2.64 45 
 
550  7.5  6.25E-05  3.83E-04  0.24  1.63E-01  1.82E-03  -1.81 
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Appendix 5:  Predicted Results of Cellulose Consumption with Catalyst 
 
Table A11:  Predicted results of cellulose consumption with Ni/TiO2 catalyst using the 
parameters determined 
 
Time 
(min) 
Temperature 
(K) 
Level I 
Cellulose 
Present 
(mol) 
Level II 
Cellulose 
Present (mol) 
Level I 
Cellulose 
Consumption 
Rate 
(mol/min) 
Level II 
Cellulose 
Consumption 
Rate 
(mol/min) 
Total 
Consumption 
Rate 
(mol/min) 
0  373  1.69E-03  1.44E-03  4.00E-08  4.44E-06  0.00E+00 
13.5  400  1.69E-03  1.43E-03  1.64E-07  6.29E-06  4.00E-06 
18.5  410  1.69E-03  1.42E-03  2.64E-07  7.06E-06  7.32E-06 
23.5  420  1.69E-03  1.42E-03  4.15E-07  7.86E-06  8.27E-06 
28.5  430  1.69E-03  1.41E-03  6.39E-07  8.70E-06  9.34E-06 
33.5  440  1.69E-03  1.40E-03  9.64E-07  9.58E-06  1.05E-05 
38.5  450  1.68E-03  1.39E-03  1.43E-06  1.05E-05  1.19E-05 
43.5  460  1.68E-03  1.38E-03  2.08E-06  1.14E-05  1.35E-05 
48.5  470  1.68E-03  1.36E-03  2.98E-06  1.24E-05  1.54E-05 
53.5  480  1.68E-03  1.35E-03  4.19E-06  1.34E-05  1.76E-05 
58.5  490  1.67E-03  1.34E-03  5.82E-06  1.44E-05  2.02E-05 
63.5  500  1.66E-03  1.32E-03  7.97E-06  1.54E-05  2.34E-05 
68.5  510  1.65E-03  1.30E-03  1.07E-05  1.64E-05  2.72E-05 
73.5  520  1.64E-03  1.29E-03  1.43E-05  1.75E-05  3.17E-05 
78.5  530  1.62E-03  1.27E-03  1.88E-05  1.85E-05  3.72E-05 
83.5  540  1.59E-03  1.25E-03  2.42E-05  1.95E-05  4.37E-05 
88.5  550  1.56E-03  1.23E-03  3.09E-05  2.04E-05  5.13E-05 
93.5  560  1.52E-03  1.20E-03  3.88E-05  2.14E-05  6.02E-05 
98.5  570  1.47E-03  1.18E-03  4.79E-05  2.23E-05  7.02E-05 
103.5  580  1.41E-03  1.16E-03  5.82E-05  2.32E-05  8.14E-05 
108.5  590  1.34E-03  1.13E-03  6.93E-05  2.40E-05  9.33E-05 
113.5  600  1.25E-03  1.11E-03  8.08E-05  2.48E-05  1.06E-04 
118.5  610  1.15E-03  1.08E-03  9.20E-05  2.56E-05  1.18E-04 
123.5  620  1.04E-03  1.06E-03  1.02E-04  2.63E-05  1.28E-04 
128.5  630  9.14E-04  1.03E-03  1.10E-04  2.69E-05  1.36E-04 
133.5  640  7.81E-04  1.00E-03  1.14E-04  2.74E-05  1.41E-04 
138.5  650  6.44E-04  9.71E-04  1.13E-04  2.79E-05  1.41E-04 
143.5  660  5.09E-04  9.42E-04  1.07E-04  2.84E-05  1.35E-04 
148.5  670  3.81E-04  9.12E-04  9.56E-05  2.87E-05  1.24E-04 
153.5  680  2.68E-04  8.82E-04  7.97E-05  2.90E-05  1.09E-04 47 
 
158.5  690  1.74E-04  8.52E-04  6.10E-05  2.92E-05  9.02E-05 
163.5  700  1.02E-04  8.21E-04  4.21E-05  2.93E-05  7.14E-05 
168.5  710  5.26E-05  7.91E-04  2.54E-05  2.93E-05  5.48E-05 
173.5  720  2.30E-05  7.60E-04  1.29E-05  2.93E-05  4.23E-05 
178.5  730  7.97E-06  7.30E-04  5.21E-06  2.92E-05  3.44E-05 
183.5  740  1.96E-06  7.00E-04  1.48E-06  2.90E-05  3.05E-05 
188.5  750  2.57E-07  6.70E-04  2.23E-07  2.88E-05  2.90E-05 
193.5  760  1.08E-09  6.40E-04  1.08E-09  2.85E-05  2.85E-05 
198.5  770  0.00E+00  6.10E-04  0.00E+00  2.81E-05  2.81E-05 
203.5  780  0.00E+00  5.81E-04  0.00E+00  2.76E-05  2.76E-05 
208.5  790  0.00E+00  5.53E-04  0.00E+00  2.71E-05  2.71E-05 
213.5  800  0.00E+00  5.25E-04  0.00E+00  2.65E-05  2.65E-05 
218.5  810  0.00E+00  4.98E-04  0.00E+00  2.59E-05  2.59E-05 
223.5  820  0.00E+00  4.71E-04  0.00E+00  2.53E-05  2.53E-05 
228.5  830  0.00E+00  4.45E-04  0.00E+00  2.46E-05  2.46E-05 
233.5  840  0.00E+00  4.20E-04  0.00E+00  2.38E-05  2.38E-05 
238.5  850  0.00E+00  3.95E-04  0.00E+00  2.31E-05  2.31E-05 
243.5  860  0.00E+00  3.71E-04  0.00E+00  2.23E-05  2.23E-05 
248.5  870  0.00E+00  3.49E-04  0.00E+00  2.15E-05  2.15E-05 
253.5  880  0.00E+00  3.27E-04  0.00E+00  2.06E-05  2.06E-05 
258.5  890  0.00E+00  3.05E-04  0.00E+00  1.98E-05  1.98E-05 
263.5  900  0.00E+00  2.85E-04  0.00E+00  1.89E-05  1.89E-05 
268.5  910  0.00E+00  2.66E-04  0.00E+00  1.81E-05  1.81E-05 
273.5  920  0.00E+00  2.47E-04  0.00E+00  1.72E-05  1.72E-05 
278.5  930  0.00E+00  2.30E-04  0.00E+00  1.63E-05  1.63E-05 
283.5  940  0.00E+00  2.13E-04  0.00E+00  1.55E-05  1.55E-05 
288.5  950  0.00E+00  1.97E-04  0.00E+00  1.47E-05  1.47E-05 
293.5  960  0.00E+00  1.82E-04  0.00E+00  1.38E-05  1.38E-05 
298.5  970  0.00E+00  1.68E-04  0.00E+00  1.30E-05  1.30E-05 
303.5  980  0.00E+00  1.55E-04  0.00E+00  1.23E-05  1.23E-05 
308.5  990  0.00E+00  1.42E-04  0.00E+00  1.15E-05  1.15E-05 
313.5  1000  0.00E+00  1.31E-04  0.00E+00  1.08E-05  1.08E-05 
318.5  1010  0.00E+00  1.20E-04  0.00E+00  1.00E-05  1.00E-05 
323.5  1020  0.00E+00  1.09E-04  0.00E+00  9.36E-06  9.36E-06 
328.5  1030  0.00E+00  9.98E-05  0.00E+00  8.71E-06  8.71E-06 
333.5  1040  0.00E+00  9.09E-05  0.00E+00  8.08E-06  8.08E-06 
338.5  1050  0.00E+00  8.27E-05  0.00E+00  7.48E-06  7.48E-06 
343.5  1060  0.00E+00  7.51E-05  0.00E+00  6.91E-06  6.91E-06 
348.5  1070  0.00E+00  6.80E-05  0.00E+00  6.37E-06  6.37E-06 
353.5  1080  0.00E+00  6.16E-05  0.00E+00  5.86E-06  5.86E-06 
358.5  1090  0.00E+00  5.56E-05  0.00E+00  5.39E-06  5.39E-06 48 
 
363.5  1100  0.00E+00  5.01E-05  0.00E+00  4.93E-06  4.93E-06 
368.5  1110  0.00E+00  4.51E-05  0.00E+00  4.51E-06  4.51E-06 
373.5  1120  0.00E+00  4.05E-05  0.00E+00  4.12E-06  4.12E-06 
378.5  1130  0.00E+00  3.63E-05  0.00E+00  3.75E-06  3.75E-06 
383.5  1140  0.00E+00  3.25E-05  0.00E+00  3.41E-06  3.41E-06 
388.5  1150  0.00E+00  2.91E-05  0.00E+00  3.09E-06  3.09E-06 
393.5  1160  0.00E+00  2.59E-05  0.00E+00  2.80E-06  2.80E-06 
398.5  1170  0.00E+00  2.31E-05  0.00E+00  2.53E-06  2.53E-06 
403.5  1180  0.00E+00  2.05E-05  0.00E+00  2.28E-06  2.28E-06 
408.5  1190  0.00E+00  1.82E-05  0.00E+00  2.05E-06  2.05E-06 
413.5  1200  0.00E+00  1.61E-05  0.00E+00  1.84E-06  1.84E-06 
418.5  1210  0.00E+00  1.43E-05  0.00E+00  1.65E-06  1.65E-06 
423.5  1220  0.00E+00  1.26E-05  0.00E+00  1.48E-06  1.48E-06 
428.5  1230  0.00E+00  1.11E-05  0.00E+00  1.32E-06  1.32E-06 
433.5  1240  0.00E+00  9.77E-06  0.00E+00  1.18E-06  1.18E-06 
438.5  1250  0.00E+00  8.58E-06  0.00E+00  1.05E-06  1.05E-06 
443.5  1260  0.00E+00  7.52E-06  0.00E+00  9.28E-07  9.28E-07 
448.5  1270  0.00E+00  6.58E-06  0.00E+00  8.22E-07  8.22E-07 
453.5  1280  0.00E+00  5.75E-06  0.00E+00  7.27E-07  7.27E-07 
458.5  1290  0.00E+00  5.01E-06  0.00E+00  6.41E-07  6.41E-07 
463.5  1300  0.00E+00  4.37E-06  0.00E+00  5.65E-07  5.65E-07 
468.5  1310  0.00E+00  3.79E-06  0.00E+00  4.97E-07  4.97E-07 
473.5  1320  0.00E+00  3.29E-06  0.00E+00  4.36E-07  4.36E-07 
478.5  1330  0.00E+00  2.85E-06  0.00E+00  3.82E-07  3.82E-07 
483.5  1340  0.00E+00  2.47E-06  0.00E+00  3.34E-07  3.34E-07 
488.5  1350  0.00E+00  2.13E-06  0.00E+00  2.91E-07  2.91E-07 
493.5  1360  0.00E+00  1.83E-06  0.00E+00  2.54E-07  2.54E-07 
498.5  1370  0.00E+00  1.58E-06  0.00E+00  2.20E-07  2.20E-07 
503.5  1380  0.00E+00  1.36E-06  0.00E+00  1.91E-07  1.91E-07 
508.5  1390  0.00E+00  1.16E-06  0.00E+00  1.66E-07  1.66E-07 
513.5  1400  0.00E+00  9.95E-07  0.00E+00  1.43E-07  1.43E-07 
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Appendix 6:  Calculation of Enthalpy 
Calculation of Enthalpy 
Standard Enthalpies of Formation 
Glucose  -1268  kJ/mol 
Sodium Hydroxide  -426  kJ/mol 
Sodium Bicarbonate  -1130.7  kJ/mol 
 
Using the equation: 
C6H12O6 + 12NaOH à à à à 6Na2CO3 + 12H2 
The calculations are 6(-1130.7)-(-1268)-(-426) kJ/mol = -404 kJ/mol 
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Appendix 7:  Predictions of Reactor Conversions 
Table A12:  Conversions using a CSTR with no catalyst 
Temperature (K)  500  550  600  650  700  750 
Heating load kJ/kg  54.5  68.0  81.5  95.0  108.5  122.0 
Residence Times (min)  Conversions 
0  0.00  0.00  0.00  0.00  0.00  0.00 
10  0.00  0.06  0.27  0.34  0.42  0.47 
20  0.01  0.10  0.31  0.39  0.46  0.50 
30  0.01  0.13  0.33  0.42  0.48  0.51 
40  0.01  0.16  0.36  0.44  0.49  0.52 
50  0.01  0.18  0.37  0.46  0.50  0.52 
60  0.02  0.20  0.39  0.47  0.51  0.53 
70  0.02  0.21  0.40  0.48  0.51  0.53 
80  0.02  0.23  0.41  0.48  0.52  0.53 
90  0.02  0.24  0.42  0.49  0.52  0.53 
100  0.02  0.25  0.42  0.49  0.52  0.53 
110  0.03  0.26  0.43  0.50  0.52  0.53 
120  0.03  0.27  0.44  0.50  0.52  0.53 
130  0.03  0.28  0.44  0.50  0.52  0.53 
140  0.03  0.29  0.45  0.50  0.53  0.53 
150  0.04  0.30  0.45  0.51  0.53  0.53 
160  0.04  0.31  0.46  0.51  0.53  0.53 
170  0.04  0.31  0.46  0.51  0.53  0.53 
180  0.04  0.32  0.46  0.51  0.53  0.54 
 
Table A12:  Conversions using a CSTR with catalyst 
Temperature  500  550  600  650  700  750 
Heating load kJ/kg  54.5  68.0  81.5  95.0  108.5  122.0 
Residence Times (min)  500 K  550 K  600 K  650 K  700 K  750 K 
0  0.00  0.00  0.00  0.00  0.00  0.00 
10  0.07  0.15  0.30  0.45  0.56  0.62 
20  0.13  0.27  0.45  0.59  0.67  0.72 
30  0.19  0.35  0.54  0.67  0.74  0.78 
40  0.23  0.42  0.61  0.72  0.78  0.82 
50  0.27  0.48  0.66  0.76  0.81  0.84 
60  0.31  0.52  0.69  0.78  0.83  0.86 
70  0.34  0.56  0.72  0.81  0.85  0.88 51 
 
80  0.37  0.59  0.75  0.82  0.86  0.89 
90  0.40  0.62  0.77  0.84  0.88  0.90 
100  0.42  0.65  0.79  0.85  0.89  0.91 
110  0.45  0.67  0.80  0.86  0.89  0.91 
120  0.47  0.69  0.81  0.87  0.90  0.92 
130  0.48  0.70  0.82  0.88  0.91  0.93 
140  0.50  0.72  0.83  0.89  0.91  0.93 
150  0.52  0.73  0.84  0.89  0.92  0.93 
160  0.53  0.74  0.85  0.90  0.92  0.94 
170  0.55  0.76  0.86  0.90  0.93  0.94 
180  0.56  0.77  0.87  0.91  0.93  0.94 
 
Table A12:  Conversions using a PFTR with no catalyst 
Temperature 
500 K 
 
550 K 
 
600 K 
 
650 K 
 
700 K 
 
750 K 
Residence Time 
(min) 
0  0.00  0.00  0.00  0.00  0.00  0.00 
20  0.01  0.12  0.34  0.46  0.53  0.54 
40  0.01  0.22  0.41  0.52  0.54  0.54 
60  0.02  0.29  0.46  0.53  0.54  0.54 
80  0.02  0.33  0.49  0.54  0.54  0.54 
100  0.03  0.36  0.51  0.54  0.54  0.54 
120  0.03  0.38  0.52  0.54  0.54  0.54 
140  0.04  0.40  0.53  0.54  0.54  0.54 
160  0.04  0.41  0.53  0.54  0.54  0.54 
180  0.05  0.43  0.53  0.54  0.54  0.54 
200  0.05  0.44  0.54  0.54  0.54  0.54 
 
Table A12:  Conversions using a PFTR with catalyst 
Temperature 
 
500 K 
 
550 K 
 
600 K 
 
650 K 
 
700 K 
 
750 K 
Residence Time 
(min) 
0  0.00  0.00  0.00  0.00  0.00  0.00 
20  0.15  0.33  0.60  0.74  0.78  0.81 
40  0.28  0.57  0.81  0.87  0.90  0.92 
60  0.40  0.74  0.89  0.93  0.95  0.97 
80  0.50  0.84  0.93  0.96  0.98  0.99 
100  0.58  0.90  0.96  0.98  0.99  0.99 52 
 
120  0.66  0.93  0.97  0.99  0.99  1.00 
140  0.72  0.96  0.98  0.99  1.00  1.00 
160  0.77  0.97  0.99  1.00  1.00  1.00 
180  0.82  0.98  0.99  1.00  1.00  1.00 
200  0.85  0.99  1.00  1.00  1.00  1.00 
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